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We analyse scaling laws that govern macromolecules of different topology: polymer chains, 
homogeneous and miktoarm star polymers in a good solvent possibly constrained by a porous 
medium. The latter is modelled by long-range-correlated disorder with a pair correlation 
function g(r) that decays with a power law g(r) ~ r~ a at large distances r. We show that 
this type of disorder changes the universality class of the system. Within the frames of the 
field-theoretical renormalization group approach we obtain the corresponding new universal 
critical exponents for systems of homogeneous and star copolymers and discuss different 
consequences of the architecture dependent change of the scaling behaviour. 
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1. Introduction 

It is well established, that the statistics of long flexible polymer macromolecules in 
a good solvent is governed by scaling laws in the asymptotic limit of infinitely long 
chains. The model of self-avoiding walks (SAWs) is regarded as most successful 
in capturing the universal behaviour of polymer chains []]]. In particular, for the 
averaged end-to-end distance and number of configurations of SAW with N steps 
one finds: 

(R 2 )~N 2us ™, Z N ^ N N^-\ d=3 : ^ S aw=0.588(2), 7sAW =1.159(6), (1) 

where ^saw>7saw are universal exponents, that depend on the space dimension 
d only (for numerical estimates see Ref. |2j), [i is a non-universal fugacity. The 
scaling laws (1) correspond to the swelling regime of of polymer coils. Note, that the 
situation changes, when the temperature of the solution decreases. For any generic 
polymer solvent system one finds a so-called 0-temperature at which the solvent 
mediated attractive and repulsive interactions between the monomers cancel. In 
this situation the scaling properties of the polymer chain can be described by that 
of a simple random walk (RW). Then, the scaling laws ([I]) hold with exponents 
^RW = l/2, 7rw=1- At temperatures below the 0-point, the polymer undergoes a 
collapse transition and passes to a globule regime with a scaling exponent v c = 1/d. 
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As established by de Gennes the scaling properties of SAWs can be studied 
in the language of field theory, by mapping the 0(m)-symmetrical spin model 
at its critical point to polymer field theory by a formal m — > limit. In this 
way, the powerful renormalization group (RG) methods, which are traditionally 
used to quantitatively describe the critical behaviour of magnetic systems and to 
determine the critical exponents, can be applied to polymer solutions. In the frames 
of the RG, the scaling behaviour of the model is determined by the stability and 
physical accessibility of a corresponding fixed point (FP). For a polymer chain, the 
crossover from the RW regime to that of the SAW corresponds to the interchange 
of stability between the Gaussian (G) fixed point (corresponding to absence of 
interaction between monomers) and the Polymer (P) fixed point. The scaling of a 
SAW is governed in by exponents (1) that belong to the 0(m = 0) universality 
class. These are the most prominent scaling exponents in polymer physics, however, 
there are more. On the one hand, there is a series of exponents governing the scaling 
of polymers of complex topology - star polymers and networks [!, UHf. On the 
other hand, the scaling laws (1) may change if e.g. disorder in the system gives rise 
to a separate stable FP. Both cases are considered below. 

The present communication aims to attract attention to appearance of new scal- 
ing laws related to a constraint on the polymer system in the form of a disordered 
environment or to a more complex architecture of the polymers. In particular, we 
will be interested in investigating the interplay of different aspects of complex- 
ity appearing simultaneously such as the degree of branching of the polymer, its 
possibly inhomogeneous composition and the type of disorder in the environment. 
We derive and calculate the scaling exponents for the corresponding universality 
classes and discuss the relevant observable phenomena. The outline of this paper 
is as follows: we first describe different possible scenarios of scaling behaviour and 
present the field-theoretical description for models of polymers in these scenarios. 
We then discuss the results and the underlying physical phenomena. Our discussion 
encompasses previous results 0, 0] as well as recent extensions 0] . 



2. Origin of scaling exponents: composite operators and fixed points 

From the point of view of RG transformation, the scaling exponents (1) originate 
from anomalous dimensions of local operators evaluated at the stable FP. The 
scaling laws can be altered by connecting single polymer chains into more complex 
structures, which in the language of field theory amounts to the appearance of 
new composite operators. The most simple non-trivial representative of the class 
of branched polymers is the so-called star polymer, which consists of linear chains, 
linked together at one of their end-points. For a star with / arms each with N 
steps (monomers), the number of possible configurations scales as [§]: 



~ e 



^f N j f -i „ {R/fijOf-fV,, (2) 



The second part shows the power law in terms of the size R of a single chain of 
N monomers on microscopic step length I. The exponents 7/, r)t are universal 
star exponents, depending on the space dimension d and number of arms /. This 
includes the single polymer chain with / = 1 or 2. Some results on star polymers 

can be found in Refs. uEnm. 



Linking together polymers of different species, results in non-homogeneous poly- 
mer stars, which may have a richer scaling behaviour 0, El, [3. A particular 



case is the copolymer star, consisting of polymer chains with two different 0- 
temperatures. Let f\ chains be in the good solvent condition while further fa 
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chains of the star polymer are at their 0-temperature. Then the partition function 
of this star copolymer scales as|l3l]: 



Z h,h 



(3) 



where 77^ ^ represents a family of copolymer star exponents and X indicates one 



of eight possible FPs in this ternary polymer scenario [12 ] ■ What is the influence 
of structural disorder on the scaling laws Eqs.(2),(3)? Such structural disorder 
may be present in a solution in terms of a porous medium. It has been shown 
however, that uncorrelated point-like defects of weak concentration will not induce 
any change of polymer scaling behaviour [lj|: the polymer FP, as for SAW on a 
pure lattice, remains stable and physically accessible. More interesting is the case of 
so-called long-range-correlated disorder, where the distribution of structural defects 
is characterised by a correlation function that decays with a power law g(r) ~ r~ a 
161 ] for large r. The non-trivial influence of long-range (LR) disorder on the scaling 
properties of single polymer chains and star polymers has recently been worked 
out in the frames of the field-theoretical approach [3, [8|. As mentioned earlier, the 
statistics of flexible polymer chains can be extracted in the formal limit m^O of an 
m-vector model at its critical point. Similarly, the scaling of a polymer experiencing 
LR correlated disorder can be studied using the effective Hamiltonian: 



H eff=Yl 



W-k 



a=l 



+ S ( k i + k 2 + h + h) x (4) 

ki,k2,k3,k4 



E«0^ hq w \ |, , < a -d ,-xt ,-xt -£ 



OC=l 



a,P=l 



Here, 02 is an m-component vector field, Uq, Wq„ /io are bare couplings and mass, 
Greek indices denote replicas and both the replica limit n — > and m — > are 
implied. 

The impact of disorder on the universal behaviour can be singled out by analysing 
the occurrence and stability of the disorder induced fixed point. The appearance 
of a new universality class within the model (jU) was discussed in Ref. [7( using 
two complementary RG approaches: a first order expansion in 'small' parameters 
e = 4 — d and 5 = 4 — a following Ref. 16y and a second order calculation using 
numerically evaluated integrals at fixed d and a of Ref.[17|. Our latter two loop 
calculation confirms the existence and stability of a LR disorder induced FP for 
polymers. However, the FP as found by the first order e, (^-expansion appeared to 
be stable in a non-physical region. 

Here, it is our intention to investigate a higher order approximation to confirm 
the stability of the LR disorder FP in the physical region also within the e, 5- 
expansion. We use the second-order RG /3-functions of the m-component model 
in LR correlated disorder, as derived in Ref. [lei ]. Converting these to continuous 
differential equations, and passing to the m — > limit we find: 



du 
dn 
dw 
dn 



-2r/u + eu + 6uw - Au 2 - 2w 2 - 30u 2 w + 27 w 2 u -8w 3 + llu 3 , 



-2 77 w + 5 w — 2uw + 2w 2 + 3/2u 2 w + 3w 3 — 6w 2 u, 



(5) 



where k is a rescaling parameter, r\ = 5{2e — <5)/16. Looking for the 
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FPs of this RG flow, we find the LR disorder induced FP u LR = 
8 2 (8 e 3 - 24 5 e 2 + 24 5 2 e - 8 5 3 + 14 5 e 3 - 18 5 2 e 2 + 4 <5 3 e + 5 4 - 4 e 4 ) /16 (e - 5f , 
W L R = 5(i05e 3 - 215e 4 - 725 2 e 2 + 565 3 e - 16<5 4 - 55 5 - 775 3 e 2 + 36<5 4 e - 
8e 4 +2e 5 + 62(5 2 e 3 )/16(e - (5) 4 . This FP is stable and physically accessible for 

5 > 2e or equivalently a < 2d — 4. Taking into account, that according to Eq. ^ 
LR disorder should be relevant for a < d, these second order results establish the 
presence of the LR fixed point in the physical region of (d, a) . 

As explained in Ref.Jjj], the study of /-arm star configurations in this theory 
is given in terms of the anomalous dimensions of complex composite operators, 
containing products of / zero-component fields. 



3. Results and perspectives 



The presence of a new stable fixed point leads to different values of the scaling 
exponents for polymers. In particular, for star polymers, the first order expressions 
for the exponents 7//, 7/ for a star in a pure solvent and for a star influenced by 
long-range correlated disorder (LR) read: 

vf R) = -\mf-l), V ( r e) = -lef(f-l), (6) 
7 p = 1 _ 1 _ 3), 7 (?-e) = 1 _ J_ £/(/ _ 3) (7) 

Note the decrease of 7j at fixed / > 3 with increasing 5 (i.e. when the correlation of 
the disorder becomes stronger). However, the behaviour for chain polymers / = 1, 2 
differs: in this case the exponents 71 = 72 increase for increasing 5. Omitting factors 
of kT, let •7 r J lire (iV) = In Zj Ure (N) be the free energy of a star polymer in the pure 

solvent and J 7 ^^ = ]nZf R (N) its free energy in a porous medium. Then we 
can estimate the free energy difference of a star polymer with respect to the two 
environments: 



Ff R {N) - &p re {N) = (/J> - ii pure )fN + (rf R - j p f ure ) IniV. 

The difference in the free energy consists of two terms. The first is independent 
of the polymer architecture and simply takes into account the change in chem- 
ical potential per monomer. Two polymers of the same molecular weight (same 
total number of monomers fN) will experience the same difference. The second 
term which grows with IniV is architecture dependent. Following Eqs. ([7]), we see 
that this term has different signs for chain polymers (/ = 1,2), and star poly- 
mers (/ > 3). Thus, even though both may be expected to be expelled from the 
correlated environment, this effect is weakened for linear polymers and enhanced 
for star polymers of the same molecular weight. The first term could in principle 
be cancelled out if the pure part of the solution is exchanged by a second porous 
medium which however displays short range (SR) disorder with the same chemical 
potential [i SR = \x LR . Static architecture induced separation results, see FiglH 

Exploring further aspects of complexity, we consider star polymers built from 
chains of species with different 0-temperatures (copolymer stars). Depending on 
the temperature, one or more of inter- and intra-chain interactions may vanish, 
and additional FPs appear for the inter-chain interaction. A species with vanish- 
ing intra-chain interaction is represented by RWs avoiding the other species. This 
situation may also be used to describe the diffusion of particles near an absorbing 
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Figure 1. Separation of linear and star polymers in solution, part of which is in a porous medium 

(shown in grey). 



polymer 19|]. The moments of the resulting flow near the polymer turn out to be 
multi- fractal 14, The scaling exponents of copolymer stars also determine the 
scaling of corresponding copolymer networks 0, [l3| and play role in a number 
of other phenomena, given below. 

Treating the model of star copolymers in a porous medium by the RG approach, 
we have found different scenarios of scaling behaviour and corresponding values 
for scaling exponents [f|. To summarise some results for the exponents, let us first 
introduce some notations. Each regime is denoted by two letters, corresponding to 
species 1 and 2 respectively and reflecting, whether it behaves like random walk 
(R) or self-avoiding walk 5*. The index (• • • )z denotes the presence of long-range- 
correlated disorder. The index (■ ■ ■ )i corresponds to the situation, when species 
1 and 2 interact with each other. When disorder is absent, we reproduce known 
results for the cases of two interacting random walks (RR)i, two interacting 
SAWs (SS)i and SAWs interacting with random walks (SR)f. 

& = z ^> (8) 

(ss h = -(/i + / 2 )(/i + / 2 -l)e (g) 

(SR)i _ +3/ 2 ~ l)g nm 

T] hJ2 8 ^> 

(SS) ■ 

77^ is equivalent to the exponent of a homogeneous star polymer of / = f\ + $% 
arms. Turning on the long-range-correlated disorder, we obtain estimates for the 
exponent r]f 1 / 2 for different regimes in a new universality class: 

€f L = -w. ( n ) 

(SSU = -(/l + / 2 )(/l+/2-l^ m) 

'flJ-2 4 ^ ' 

(SR) tL _ -h{h + 3/ 2 - l)j . , 

v hj2 ~ 4 • W 

(S S )■ 

Here, 77 V j 2 is the exponent for the homogeneous star with /1 -h/2 arms in long- 
range-correlated disorder, ?7yfy 2 an( ^^/f / 2 describe /2 random walks, interacting 
with fx RWs and SAWs respectively, in LR disorder. 

Besides the usual polymer exponents describing statistical properties like end- 
to-end distance or number of configurations, polymers of complex structure (e.g. 
star copolymers) are characterised by the full set of star exponents. These star 
exponents form a basis to determine the scaling of complex copolymer networks 



53 Philosophical Magazine blavatska 



6 V. Blavatska, C. von Ferber and Yu. Holovatch 

, @, They are important for a wide range of phenomena, some examples are 
given by the absorption of diffusive particles in the vicinity of an absorbing poly- 
mer \L4L fli| , the effective interaction in colloids of star polymers 0] , the transition 
of double stranded to single stranded DNA [20[]. As we have demonstrated in this 
paper polymer scaling behaviour is influenced in a non trivial way by correlated 
structural disorder. Further investigations are under way to complete the quan- 
titative description of the scenarios of complex polymer behaviour in correlated 
environments. 
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